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Abstract
We report on the controllable pinning of domain walls in stripes with perpendicular magnetic
anisotropy by magnetostatic coupling to magnetic vortices in disks located above the stripe. Pin-
ning mechanisms and depinning fields are reported. This novel pinning strategy, which can be
realized by current nanofabrication techniques, opens up new possibilities for the non-destructive
control of domain wall mobility in domain wall based spintronic devices.
PACS numbers: 75.60.Ch, 75.60.-d, 75.78.Cd
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I. INTRODUCTION
Magnetic domain wall-based microelectronic devices are promising candidates for future
data storage and spintronic technologies1–3. In these devices, the motion and careful posi-
tioning of domain walls (DWs) in thin film-based patterned sub-micron stripes underlie the
functionalities of the device, and the precise control of DW motion evidently becomes one
of the most important goals in device design1,2. The most common approaches rely either
on localized modifications of material parameters such as the anisotropy constant, which
can be modified by ion bombardment4–6, or on structural modifications of the stripe such
as holes7, lateral extensions along the stripe8 or notches cut into its long edge1,9–12. In all
these cases, the goal is to induce strong DW pinning at certain positions. Recently, even
standing acoustic waves have been proposed as pinning sites13 along magnetic stripes.
All these approaches rely on structural modifications that lead to different local distribu-
tions of demagnetizing fields that change either the internal DW structure and dynamics, or
the local fields acting on the DW itself. Although very effective, these alternatives are de-
structive, since they introduce modifications on the medium where DW motion is occurring.
As this can lead to undesired side effects on the magnetization processes, non-destructive
methods, based on the magnetostatic coupling between DWs and magnetic structures ex-
ternal to the medium, offer an attractive alternative way to control the DW positioning
through pinning.
One approach to non-destructive DW pinning is the introduction of localized mag-
netic fields generated by overlyingnanomagnet arrays14,15 separated from the stripe by non-
magnetic spacer layers thick enough to ensure that the coupling is primarily magnetostatic.
The asymmetric pinning generated by these nanomagnets provides a way to locally pin
DWs in a controllable and potentially reprogrammable fashion. This method, furthermore,
introduces a new degree of freedom to controlthe pinning of DWs because different DW
mobilities are possible by controlling the relative alignment of the applied field and the ori-
entation of the magnetization of the nanomagnets14. Even though effective, this method
relies on large (50 x 50µm2) arrays, which are evidently not suitable for very small/narrow
stripes. In this case, single nanomagnets acting as pinning sites are desired, but their fab-
rication still presents a challenge. Recently, Franken et al.16 succeeded in growing a single
magnetic nanopillar on top of a stripe and showed that the perpendicular components of
2
its stray fields effectively work as a source of pinning for a magnetic DW moving along an
underlying stripe with perpendicular magnetic anisotropy (PMA), and that the pinning can
be tuned by the height of the pillar as well as its magnetic state. In another work, van
Mourik et al.17 demonstrated the feasibility of using a single overlying nanomagnet with
in-plane magnetization as source of switchable pinning of DWs in magnetic stripes with
PMA. As in Franken et al.16, the magnetic state of the nanomagnet, and the thickness of
the spacer layer, determine the pinning strength at the site. Nanomagnets, however, may
present many ground states that depend on the material parameters and geometry, and
consequently maintaining a nanomagnet in single domain state may impose restrictions to
device geometry. In many nanomagnet geometries, the ground state exhibits a magnetic
vortex18–22 characterized by an in-plane magnetization that curls around the center of the
nanomagnet and a strong and spatially localized out-of-plane component, known as the vor-
tex core (VC), at its center. The combination of these in-plane systems with PMA films in a
multilayer device could lead to new functionalities, because the strong stray fields emanating
from the VCs could act as sources of localized, non-destructive pinning sites for DWs in, for
example, an underlying stripe with PMA. Further pinning could be achieved by coupling of
the in-plane components of the vortex magnetization and of the DW stray field, effectively
presenting two sources of DW pinning in these hybrid in-plane/out-of-plane magnetic sys-
tems. Similar systems have already been investigated in extended PMA films coupled to a
single Permalloy nanomagnet23,24 with a vortex ground state. In these studies, the coupling
between the VC and the underlying out-of-plane domain structure was demonstrated, but
since there was no spacer layer separating the different materials, both magnetostatic and
exchange interactions contributed to the observed coupling. The authors did not investigate
a scenario where only the magnetostatic fields contributed to the coupling, as was done in14
and15. The understanding of how the magnetostatic or the exchange interaction contribute
individually to the coupling between DWs and vortices is fundamental to further develop-
ments of these hybrid systems, especially since magnetostatic fields play a major role in the
statics and dynamics of magnetic nanostructures.
In this work, we report the results of micromagnetic simulations demonstrating the fea-
sibility of using a soft magnetic disk-shaped nanomagnet with in-plane magnetization and a
vortex ground state as a source of purely magnetostatic pinning for Bloch DWs in underly-
ing magnetic stripes with PMA. The purely magnetostatic coupling between the vortex and
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the DW gives rise to strong and asymmetric pinning which could be exploited in spintronic
devices. Simulated hysteresis loops show that the pinning involves coupling of both the
in-plane and out-of-plane components of the DW and vortex magnetizations, indicating a
complex pinning scenario, arising purely from magnetostatic interactions, highlighting the
major role this interaction plays in pinning site engineering in magnetic DW-based devices.
II. MICROMAGNETIC SIMULATIONS
The simulations were performed with the Mumax3 package25. The simulated system
consisted of a 2000 nm long, 512 nm wide Co-like stripe with Ms = 1135 kA/m, 2 nm
thickness, exchange stiffness Aex = 17 pJ/m, damping constant α = 0.5 and perpendicular
uniaxial anisotropy constant Ku = 1240 kJ/m
3. This stripe was capped by a variable
thickness empty “spacer layer”. On top of this layer, a 512 nm wide and 24 nm thick NiFe-
like disk was put in the midpoint of the Co stripe (Fig. 1, inset). The disk has the following
material parameters: Ms = 796 kA/m, Aex = 13 pJ/m, α = 0.5 (for faster relaxation) and
no intrinsic magnetic anisotropy. These regions are divided in 3.9 x 4 x 2 nm3 cells. The
stripe is always initialized with a Bloch DW near the left end of the stripe, separating an
“up” domain (mstripez = +1) on the left from a “down” domain on the right (m
stripe
z = −1).
This domain structure will be present in the stipe in all simulations. The disk is initialized
in a vortex state with definite circulation (c = +1 for counterclockwise and −1 for clockwise
circulation) and core polarity (p = +1 for and “up” core magnetization and −1 for a “down”
core magnetization). The system is then allowed to relax using Mumaxs relaxation routine
(“minimize”) which uses a conjugate gradient method to evolve the magnetization until
the ground state configuration is reached. Following each relaxation step, a magnetic field
is applied along the z axis (perpendicular to the stripe plane) in 10 Oe steps, driving the
magnetization reversal of the stripe through DW displacement. This way, hysteresis loops of
the stripe can be obtained. The perpendicular field does not significantly affect the magnetic
state of the disk, which stays in its initial vortex state until interacting with the DW. Time-
driven, torque minimization dynamical simulations were also performed, yielding the same
hysteresis loops as the relaxation routine outlined above.
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III. RESULTS AND DISCUSSION
We will first consider the cases of a disk with c = +1 and p = +1 or −1, and a 6 nm
thick spacer layer. Hysteresis loops of the Co stripe obtained in these two cases are shown
in Fig. 1 (blue and red symbols) and snapshots of the magnetization state of the stripe and
the Permalloy disk corresponding to selected points along the loop are shown in Fig. 2. The
loops have a different shape when compared to a free Co stripe with the same geometry
(black line), indicating the complex magnetization reversal process taking place.
In the case of negative core polarity (p = −1, blue circles and curve) the magnetization
process is characterized by the “free” propagation of a DW under an external magnetic
field Hz = +20 Oe, starting close to the left edge of the stripe (Figs. 1 and 2, A) and
moving towards the right until it reaches the edge of the disk (Figs. 1 and 2, B). At this
point, the DW is “pulled” towards the region underneath the disk and continues to move
slowly towards the disk center, causing the VC to move upwards (Figs. 1 and 2, C). This
happens because of the strong in-plane component of the DW stray field acting along the +x
direction (Fig. 2, L). Since the vortex has positive circulation (c = +1), the application of
an in-plane field along +x pushes the VC upwards, as the results clearly show. Eventually,
the DW and the VC both reach equilibrium positions (Figs. 1 and 2, C) under Hz = +20
Oe. Then, Hz is increased in 10 Oe steps, causing the DW to move further to the right (Figs
1 and 2, B - D). As it approaches the VC, the DW starts to display an increasing bowing
around it, caused by magnetostatic coupling to out-of-plane components of the VC stray
field (Figs. 1 and 2, D). This coupling is the main source of this localized DW pinning and
the DW bowing, since due to the large width of the stripe (512 nm) compared to the lateral
dimensions of the VC (∼ 20 nm), DW sections far from the VC position will tend to move
away under the applied Hz, while the DW section close to the VC will stay strongly pinned
at its position, causing the significant bowing observed. Further increasing Hz causes the
bowing to get stronger and the core to move further up. When Hz reaches 130 Oe, the DW
depinning is observed (Figs. 1 and 2, D – E). The DW moves past the VC and quickly
jumps to the right edge of the disk (Figs. 1 and 2, E) and eventually reaches the right edge
of the stripe, leading to its magnetic saturation (Figs 1 and 2, F). Thus, the first half of the
stripe hysteresis loop is obtained.
Now, is a negative field is applied (Hz < 0), the DW sense of motion will be reversed.
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Under Hz = −20 Oe, the DW will move from the right edge of the stripe towards the right
edge of the disk (Figs. 1 and 2, F – H). The motion is similar to what has been previously
observed: upon reaching the disk edge, the DW slowly moves underneath it, while the VC
moves up under the effect of the DW in-plane stray field. However, as the DW approaches
the VC position (Figs. 1 and 2, I), it jumps towards its left side without any additional
increase in applied field (Figs. 1 and 2, J), reaching its equilibrium position on the left side
of the VC. Similar situations were reported in23,24, where it was shown that a VC tends to
stay in equilibrium near DWs in an underlying magnetic film. Given the domain structure
in the stripe, and the negative polarity of the VC, the magnetization of the propagating
domain is parallel to the VC magnetization, effectively making it easy for the DW to cross
the VC position at a relatively small applied field strength (Hz = −40 Oe). The opposite
phenomenon is observed when Hz > 0 (“A” and “B” points in Fig. 1): since the vortex
core magnetization, pointing “down” (p = −1), is antiparallel to the propagating domain
magnetization, the core acts as an effective strong pinning barrier for DW propagation,
causing the strong DW bowing observed (Fig. 2, D) and the high applied field necessary to
precipitate the depinning process (+130 Oe). Finally, increasing the applied field value from
−40 Oe to −100 Oe causes the DW to drag towards the left edge of the disk (Figs. 1 and 2, J
– K), again with its in-plane stray field component coupled to the in-plane magnetization of
the disk (Fig. 2, L). The DW depins from the left edge of the disk at −100 Oe (Figs. 1 and
2, K), quickly moving towards the left edge of the stripe, leading to its magnetic saturation.
It is important to notice that no VC reversal is induced by interaction with the underlying
DW at any point of the hysteresis loop thus obtained.
If the VC polarity were positive (p = +1), with the circulation still positive (c = +1),
the simulated hysteresis loop (Fig. 1, red circles and curve) will be symmetric to this one,
with the strong DW-VC pinning occurring at negative fields (depinning at −130 Oe, Fig.
1, B) and the weak pinning occurring at the positive field region of the loop (depinning at
+40 Oe, Fig. 1, C). Again, the DW drags along the regions underneath the disk, depinning
from its edges with the same applied fields, regardless of vortex core polarity.
These results indicate that two coupling mechanisms between the DW and the vortex in
the disk are present and contribute to the observed behavior: (i) the coupling between the
out-of-plane components of the DW stray field (Fig. 3) and the out-of-plane VC magnetiza-
tion; (ii) the coupling between the in-plane components of the DW stray field (Fig. 3) and
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the in-plane components of the vortex magnetization.
Since the couplings leading to the observed DW asymmetric pinning are magnetostatic,
increasing the distance between the stripe and the disk should decrease the coupling strength
in both cases. This coupling strength can be inferred from the strength of the depinning fields
extracted from the hysteresis loops. Simulated hysteresis loops with increasingly thicker
spacer layers, but the same domain structure in the stripe and in the disk, are shown in
Fig. 4. For 10 nm, 14 nm and 22 nm thick spacers, the hysteresis loops obtained are always
similar to the one obtained with a 6 nm spacer (Figs. 1 and 2), with the DW coupling to
both the VC and to the in-plane components of the disk magnetization. On the other hand,
the coupling strength decreases as we increase the separation between the stripe and the
disk, as the depinning fields from the VC position (right side, Fig. 4) and from the disk
left edge (left side, Fig. 4) show. The VC depinning fields are plotted against the spacer
thickness in the inset. The strength of this depinning field decreases as an inverse cube
law with the spacer thickness, further evidencing the dipolar magnetostatic nature of the
coupling.
Further confirmation of the non-trivial nature of the DW-vortex coupling is obtained from
simulations where, instead of a disk in a vortex ground state, a static localized out-of-plane
magnetic field mimicking the vortex core out-of-plane stray field is applied above the stripe.
The hysteresis loops shown in Fig. 5 correspond to simulations where this static field has
negative polarity (equivalent to a p = −1 vortex). They show asymmetric reversal, with
strong depinning fields for positive applied field (antiparallel to the static field) while for
negative applied fields the loops have no extraordinary features. By reversing the polarity
of this static field, the depinning processes will appear on the negative side of the loop, with
the positive side not showing any interesting features (data not shown). These polarity-
dependent depinning fields, and the consequent asymmetries in the magnetization reversal,
are reminiscent of situations where DWs are magnetostatically coupled to static pinning
fields14,15. However, the loops in Fig. 5 clearly show that it is not sufficient to consider only
the coupling between the DW and the out-of-plane component of the VC stray field as source
of DW pinning. When only this static out-of-plane field is present, the DW depinning fields
are always weaker than the depinning fields of the DW coupled to the full vortex, showing
that the in-plane magnetostatic coupling also plays a significant role in the overall DW
pinning process, and that the evolution of the magnetization of the disk while interacting
7
with the DW cannot be neglected.
These two contributions to the magnetostatic DW-vortex coupling behind the observed
DW pinning may be better understood with the aid of the energy landscape of the system.
In Fig. 6, the sum of the exchange, magnetostatic and anisotropy energies is plotted against
the DW position along the stripe for 6, 10, 14 and 22 nm thick spacers and both positive and
negative out-of-plane applied fields. As the DW approaches the edge of the disk (for Hz > 0)
the energy decreases, forming a potential well which confirms the energetically favorable in-
plane magnetostatic coupling between the DW and the vortex. In these regions close to the
disk edges the potential well is symmetric, indicating that the in-plane coupling does not
depend on the sign of the applied field (consequently, on the sense of DW motion). As the
DW moves further left and reaches the core position (near the middle of the stripe), the
energy increases, indicating that the VC effectively acts as an energy barrier for DW prop-
agation. This energy increase is very sharp for the 6 nm spacer, but gets weaker for thicker
spacers, becoming barely visible when the spacer thickness is 22 nm. Furthermore, when
the spacer thickness increases, the symmetric potential well becomes less deep, consequence
of the thickness-dependence of the magnetostatic coupling.
Under a negative applied field (Hz < 0), a DW located at the right edge of the stripe
will move towards the left, and the symmetric potential well is still present. However, the
VC-induced energy barrier is smaller in this case, making it easier for the DW to move past
the VC position. This is the origin of the asymmetric reversal evidenced by the hysteresis
loops shown in Figs. 1 and 4. Notice that as the spacer layer thickness increases, not only
the vortex-core energy barrier becomes less pronounced, but the energy landscape becomes
nearly independent of the applied field polarity (22 nm curves in Fig. 6), leading to a
more symmetric magnetization reversal process, as evidenced by the 22 nm hysteresis loop
in Fig. 4. The analysis of the energy landscapes thus explains the main characteristics
of the simulated hysteresis loops, namely: a symmetric broadening caused by the in-plane
coupling, and an asymmetric reversal caused by out-of-plane coupling to the VC.
The energy landscapes in Fig. 6 allowed us to develop a 1D model for the propagation
of the DW along the stripe26–29. In this model, the DW dynamics is described in terms of
DW position q and the DW angle ψ by the following equations:
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(1 + α2)
dq
dt
= αγ∆Hz +
1
2
γ∆Hk sin 2ψ −
αγ∆
2MsLyLz
(dV
dq
)
(1)
(1 + α2)
dψ
dt
= γHz −
1
2
αγHk sin 2ψ −
γ
2MsLyLz
(dV
dq
)
(2)
where ∆ = (A/Keff)
1/2 = 6.3 nm is the DW width, with Keff = Ku − 2piM
2
s , Ku
is the perpendicular uniaxial anisotropy constant, Ms is the saturation magnetization, A
is the exchange stiffness constant, γ is the gyromagnetic ratio, Hk = NxMs is the shape
anisotropy field with Nx = Lz ln(2)/(pi∆) being the demagnetizing factor, α is the Gilbert
damping parameter, Ly and Lz are the width and the thickness of the stripe and V is the
pinning potential from Fig. 6, approximated by a superposition of elementary functions.
All these values were taken from the micromagnetic model defined in Sec. II. The model
was used to simulate DW propagation for 6, 14 and 22 nm spacer layers. The resulting
hysteresis loop for a 6 nm spacer is shown in Fig. 7, along with a hysteresis loop from a
full 3D micromagnetic simulation. Despite the crudeness of this 1D model, which ignores
the 3D character of the DW-vortex coupling unveiled by the micromagnetic simulations, the
main features of the magnetization reversal of the stripe are reproduced, namely: the free
propagation under a low field, the pinning under the dot edge, the higher fields necessary
to propagate the DW under the disk and the pinning caused by the VC stray field.
IV. CONCLUSION
It has been demonstrated that magnetic vortices in nanosized disks can effectively pin
DWs moving along magnetic stripes with perpendicular anisotropy. Pinning can be achieved
entirely by means of magnetostatic coupling between the two structures. The coupling is
dependent on both the out-of-plane and the in-plane components of the stray fields and mag-
netizations of the DW and the vortex, giving rise to a complex pinning scenario which leads
to simple phenomenology: asymmetric, broadened hysteresis loops of the magnetic stripes,
with their magnetization reversal being easier when the out-of-plane applied field and the
VC magnetization are parallel, and harder when they are antiparallel; and the broadening
arising from the symmetric in-plane coupling between the DW and the vortex, which is in-
dependent of the DW sense of motion. The observed behavior cannot be mimicked by a DW
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simply coupled to a static out-of-plane field emulating the VC stray field, emphasizing the
role of the in-plane coupling between DW stray fields and the vortex. A simplified 1D model
of DW propagation where an approximation of the micromagnetic energy landscape, taking
into account both in-plane and out-of-plane magnetostatic couplings, is able to qualitatively
reproduce the main features of the magnetization process unveiled by the micromagnetic
simulations. It is important to stress that in previous works14–17, the DW was in general
coupled to nanostructures in a single domain state, from which trivial in-plane17 or out-of-
plane16 stray fields emanated. This lies in contrast to the present study, where a magnetic
structure (vortex) from which no in-plane stray field emanates is used to influence the DW
motion. These results may be useful to introduce a new way to achieve control of DW or
vortex dynamics in spintronic devices. Furthermore, they can serve as a proof of principle
and guide experimental efforts to fabricate similar structures and study their magnetization
process.
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Figure 1. Hysteresis loops of the Co stripe coupled to a vortex with p = +1 (red symbols and line)
and p = −1 (blue symbols and line). The spacer layer is 6 nm thick. The letters indicate points
along the loops that are discussed in the text and depicted in Fig. 2. The black continuous line
corresponds to a hysteresis loop of a free Co stripe. The inset shows the geometry of the system
investigated. (Color online).
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Figure 2. (A)-(K) Snapshots of the Co stripe (left column) and the Py disk (right column) during
the hysteresis loop simulation shown in Fig. 1. The dashed circles indicate the position of the disk.
The out-of-plane component of the reduced magnetization (mz) is shown in red (mz > 0) and blue
(mz < 0). The in-plane magnetization of the disk is represented by the arrows. (L) Lateral view
of the DW during the stripe magnetization reversal. (Color online).
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Figure 3. Magnetostatic stray field profiles of a Bloch DW. (a) Out-of-plane component. (b)
In-plane component along stripe length. (Color online).
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Figure 4. Simulated hysteresis loops of the Co stripe coupled to the Py disk for several thicknesses
of the spacer layer. The vortex has c = +1 and p = −1. The inset shows the fields where depinning
of the DW from the vortex core is observed (filled circles) together with depinning fields obtained
from simulations where only a fixed external out-of-plane field, mimicking the vortex core field,
was applied to the Co stripe (open circles). (Color online).
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Figure 5. Simulated hysteresis loops of the Co stripe under the influence of a fixed, out-of-plane
field acting on the center of the stripe. (Color online).
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(A)
(B)
Figure 6. Energy landscapes of a DW moving under the influence of a vortex with c = +1 and
p = −1 from (a) left to right, with positive out-of-plane applied field, and (b) right to left, with
negative out-of-plane applied field. The vertical dashed lines correspond to the disk edges. (Color
online).
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Figure 7. Hysteresis loops for a 6 nm spacer obtained from the 1D model (line) and from a full
micromagnetic simulation (red circles). Most features of the full 3D micromagnetic simulation are
reproduced by a simplified 1D model, notably the two couplings (in-plane and out-of-plane) leading
to DW pinning. (Color online).
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